A series of experimental measurements are performed on a subsonic flow exiting from a co-axial nozzle geometry. The measurements are acquired at the University of Poitiers, France, as part of the EU program CoJEN, where the turbulence characteristics of unbounded subsonic co-axial jet flows as they pertain to aeroacoustic sources of noise are to be investigated. This paper presents for the first time, measurements obtained via LDA, PIV, CTA, near-field line and azimuthal pressure arrays and far-field arc and azimuthal pressure arrays from this new facility.
I. Introduction
Statistical descriptions of axisymmetric single-stream jet flows as they relate to aeroacoustic sources of noise has produced numerous volumes of archival material using both experimental and numerical modeling approaches (e.g. Bradshaw et al.(1964) , 7 Crow & Champagne (1971), 13 Brown & Roshko (1974), 9 Lau et al. (1979) , 29 Arndt et al., 2 Bastin et al.(1997) , 4 Freund, 18 Bogey et al. (2003) , 5 Bridges & Wernet (2003), While many commercial and even military thermodynamic propulsion systems comprise axisymmetric jet flow geometries, the coaxial jet flow is a more suitable representative over single-stream jet flow geometries, especially following the introduction of the high bypass ratio engines several decades past. However, there is surprisingly little archived material (Ko & Kwan (1976) , 28 Balsa & Gliebe (1977), 3 Fisher et al. (1998), 17 Viswanathan (2004), 39 Jordan & Tinney 25 ) describing the turbulence and acoustic characteristics of the coaxial jet flow. In an effort to circumvent this scientific gap, an experimental undertaking at the Laboratoire d'Etudes Aérodynamiques (LEA) in Poitiers, France, has been underway in partnership with the European program: CoJeN (Co-axial Jet Engine Noise), which is the successor of the JEAN program (Jet Engine and Aeroacoustic Noise), to develop a framework for understanding these axisymmetric type flows. The measurements and discussion presented herein are the first set of results from this large research endeavor.
As the scientific challenges facing the sensing and control of acoustic sources of noise are numerous, the design of the current test campaign at the LEA was performed in an effort to synthesize all of the necessary information (using the latest experimental and analytical technology) in order to provide a complete and thorough description of the turbulence characteristics of the co-axial jet structure, its signature in the near field, and its acoustic far field response. This has come about following a recent influx of experimental and analytical type modelling approaches (Citriniti & George (2000) , 10 Picard & Delville (2000), 31 Taylor et al. (2001) , 33 Ukeiley et al. (2001) , 37 Freund (2001), 18 Ricaud (2003), 32 Boree (2003), 6 Jordan et al. (2005) , 23 Coiffet et al. (2006) , 11 Tinney et al. (2006) , 34 Tinney et al. (2006b) 35 ). Thus, this paper is a first step in presenting the measurements acquired at the LEA of a co-axial jet flow. In years to come, a more thorough investigation of this data comprising a statistical characterization of the coaxial jet flow, its low-dimensional behavior, its acoustic sources of noise, its joint statistical behavior with various flow related quantities (pressure-velocity), as well as its similarities and differences to the single-stream jet flow, should be expected.
II. Experimental Arrangement

A. Facility
The measurements reported here were acquired in a fully anechoic chamber located at the Laboratoire d'Etudes Aérodynamiques (LEA) in Poitiers, France. The chamber comprises 200Hz wedges with interior dimension (from wedge tip to wedge tip) of 9.4m×6.3m×4.6m (275m 3 ). The facility operates as a close-loop tunnel with two, independently operated fan systems, both of which are capable of providing continuous flow to the primary and secondary flow nozzles. If needed, a third fan (independently operated) provides a slow moving ambient air around the co-axial nozzles (not used in the current measurements). Heat exchangers allow for the air temperatures through each of the return ducts to be regulated and all interior surfaces of the chamber eductor and return ducts are acoustically treated. The jet exit speed of each nozzle is controlled by a user-defined set point for the fan speed (Hz) while various pressure transducers (pipe static pressure/temperature, chamber ambient pressure/temperature) monitor the conditions using standard isentropic, compressible flow relations. The characteristics of the co-planar nozzle consist of a primary and secondary nozzle with exit diameters of D p = 55mm and D s = 100mm, respectively. The polynomial like contraction between the diameter of the return duct and the nozzle diameter has a 5.6:1 ratio for the primary nozzle and a ratio of 4.94:1 for the secondary nozzle (over a 450mm length). A wall thickness of 10mm separates the two nozzles at the end of the contraction. In order to remove noticeable tones from the jet lip (thought to act as a type of acoustic forcing), a thin layer of carborundum (0.1mm surface roughness) was applied, via adhesive glue, at the end of the contraction. An extension of 108mm in length, inserted after the contraction, nurtures a growing boundary layer while a tapered section (50mm) ensures a minimal wall thickness at the lip of the nozzles (0.3mm). The area ratio of the secondary to primary nozzle is 2.28. A schematic of the nozzle's geometry is provided in figure 1 including the cylindrical coordinate system that is used for the remainder of the discussion. The principle flow condition for this investigation comprised an exit velocity ratio (γ = U s /U p ) of the secondary to primary jet of 0.5. Two other exit velocity ratios were investigated, γ = 0.3 and 0.7, following the co-axial jet studies of Ko & Kwan.
28 All measurements were acquired for a primary jet exit speed of Mach 0.5 (i.e. the speed of the secondary jet was varied) under "cold" conditions whereby the static temperature of both jets were matched to the ambient temperature in the chamber ∼ 293
• K. Based on the area ratio between the primary and secondary nozzles, the mass flux ratio β = ρ s A s /ρ p A p for the three exit conditions γ = 0.3, 0.5 and 0.7, using isentropic compressible flow relationships are 2.053, 2.093 and 2.153, respectively.
B. Instrumentation
The measurements reported here comprised a number of experimental instruments for capturing spatial and temporal information concerning the co-axial jet flow, its pressure signatures in the near field and its acoustic characteristics in the far-field. Many of the near-field instruments were mounted on a three-axis traverse so as to provide precise (±6µm accuracy) computer controlled movement of the various instruments during acquisition. The location of the traverse was offset parallel to jet axis (13D s ) in order to minimize acoustic disturbances and was aligned with the jet using several cross plane jet measurements with a pitot-probe. The arrangement and characteristics of these instruments are here described.
Pitot-tube
Pitot-static measurements were acquired using a 0.4mm diameter pitot-probe to provide radial profiles of the mean axial component of velocity between x/D s ∼ 0 to 10. The pressure tube from the pitot-probe was sampled using Lucas NovaSensor 7kPa and 30kPa silicon type pressure sensors with typical nonlinearities of 0.05% of full scale output. The analog signals from both sensors were digitized using a Keithley-SourceMeter and comprised 4 block averages of 1000 sparse samples at each position that the probe was traversed to.
A one second delay was incorporated after each new position in order to ensure stabile readings from the pressure sensors before digitization. An illustration of the pitot-probe in the jet flow is shown in figure 2. A TSI model 1750 constant temperature anemometer (CTA) was used to capture profiles of the normalized turbulent energy and spectra at the exit of the nozzle. The single-wire probe consisted of a Dantec 55P11 head and a 1.25mm length, 5µm diameter platinum-plated tungsten wire (Delville et al. 14 ). The anemometer was digitized, after proper amplification, using a single-ended channel from an etep-323B data acquisition card with 16-bit delta sigma type analog to digital converters. Additional characteristics of the A/D converter include a ±3V range, built in low-pass filters and synchronous 80 channel sampling a .
Constant Temperature Anemometry
Near Field Pressure
Near field pressure measurements were performed using both line and 
Far-Field Pressure
Pressure measurements were also performed in the acoustic far field regions of the jet using an arc and azimuthal array of microphones (figure 3b). The microphones on both arrays were located 24 secondary jet diameters from an artificial source located approximately one secondary jet diameter from the exit plane of the nozzle. The arc array consisted of 8 microphones (Brüel & Kjaer 1/4inch type-4135 far-field microphones with type-2670 preamplifiers) separated equidistantly (∆θ = 10
• ) between 30
• and 100
• from the positive jet axis (0 • ). The arrangement of the far-field azimuthal array (Brüel & Kjaer 1/4inch type-4135 far-field microphones with type-2670 preamplifiers) was chosen so as to follow a conical surface emanating from the artificial source with an inclination of 30
• , thus aligning itself with the first microphone on the arc array, as is shown in figure 3b . The azimuthal spacing between microphones was 24
• , spanning over 224
• based on available instruments. Similar to the arc array of microphones, the microphones on the azimuthal array were pointed towards the artificial source.
a All transducer type instruments were sampled using this A/D converter. 
Laser Doppler Anemometry
For subsequent spectral analysis, the zero order substitution method of Adrian & Yao (1987) 1 was performed. An illustration of the LDA setup is shown in figure 4a along with a separate experiment in figure 4b where the LDA system was synchronized with the line array of near field microphones. A variety of seeders provided ∼ 0.5µm size particles to the jet and entrainment regions of the flow. These comprised a laskin nozzle type seeder (Di-Ethyl-Hexyl-Sebacate) for the primary jet and two hot-plate stage foggers (glyceron) for the primary and secondary jet streams. The stage foggers were located in the return duct before the fan system so that only the smaller particles would remain suspended between the ∼ 25 meters of ducting that connected the fan system to the final nozzle exit plane. Because of the close loop nature of the chamber's design, the suspended particles in the primary, secondary and entrainment regions of the co-axial jet flow comprised a mixed combination of both seeding media.
Particle Image Velocimetry
In order to be able to calculate two-point correlations in the flow, planar optical measurements were acquired using a LaVision stereo (3-component) PIV system. The system's characteristics comprised two 12-bit CCD cameras (Sony CCD pixel array with 1376 × 1040 resolution and square 6.45µm pixels) and a laser sheet generated by two Big Sky Laser Technologies 120mJ, pulsed Nd:YAG lasers (Ultra PIV-120 ). Transformation of image maps to vectors maps was performed using LaVision's DaVis v7.1 software.
(a) (b) 
C. Synchronous Measurements
In order to develop a more complete and comprehensive understanding of the turbulence in these co-axial jets, its time-averaged and instantaneous characteristics, as well as its relation to the acoustic field far from the jet, particular attention should be given to the joint statistical behavior of the various turbulence related quantities in the flow. Therefore, while several experiments were performed using all of the above mentioned instruments (one experiment for each instrument, as shown in table 1), additional experiments were performed using multiple instruments sampled synchronously. Due to the overwhelming amount of work that this entails, only the second jet condition γ = 0.5 was chosen for these additional experiments. The database generated by these experiments, which are summarized in table 1 will be the subject of future research efforts.
III. Statistical characteristics of the co-axial jet flow
A. Inlet conditions
The turbulent characteristics of the jet flow at the exit of the nozzle x/D s = 0.02 were determined using the non-calibrated CTA probe traversed to various positions across the center of the jet and sampled at 100kHz. The ratio of the fluctuating voltage to the mean voltage is shown in figure 6a thus identifying the location of the inner and outer shear layers and the relative amount of turbulent energy at the exit of the nozzle and γ = 0.5. Certain caution should be exerted in viewing these figures since the non-linearities of a CTA probe's response to convective cooling has not been accounted for in these measurements (since we are using a non-calibrated probe). Thus, it is only the peak turbulence ratios that should be considered representative. The energy spectra are shown alongside the radial profiles (figure 6b) at select positions in the flow. 
B. Mean azimuthal symmetry
Special attention was given to determine the azimuthal symmetry of the jet flow under varying conditions. This was checked several ways, the first of which comprised rigorous profile measurements using the pitottube. For each streamwise position, the probe was traversed horizontally and vertically across the center of the jet. This process was performed several times to align the traverse with the jet flow, (not the nozzle) and to then check the flow's axisymmetry. An example of this is demonstrated in figure 7 PIV processing since cross profile measurements with the LDA system (not shown) were found to exhibit slightly larger turbulence levels than what is found with the PIV measurements.
C. Shear layer thickness
For the single stream jet, the shear layer thickness is commonly determined where U = 0.99U cl . Thus, a similar undertaking is performed on the pitot-tube measurements shown in figure 7d. Since there are three shear layers and three velocity ratios, the results are tabulated as follows: δ 1 comprises the high speed side of the primary jet's shear layer at (r/D s < 0.275), δ 2 the high speed side of the secondary jet's shear layer near the primary jet (r/D s > 0.275) and δ 3 , the region where the secondary jet interfaces with the outer entrainment regions of the flow at r/D s ∼ 0.5. For a given velocity ratio, the location where the smallest value was recorded between the primary and secondary jet interface (r/D s ∼ 0.275) was used to determine the thicknesses for shear layers (δ 1 ) and (δ 2 ), their summation (δ 1 + δ 2 ) thus being the total thickness of the mixing layer between the primary and secondary jet flows at the inlet. Table 2 . Shear layer thicknesses for all exit conditions.
D. Momentum integral
In order to determine whether the experimental data satisfies the equations believed to govern the flow, and that the data is in fact a reasonable model of an axisymmetric jet in an infinite environment according to Hussein et al. (1994) , 22 then the velocity moment profiles should satisfy the momentum integral given to the second order in (2). The calculation of (2) is shown in figure 9 using the LDA measurements to demonstrate the preservation of the momentum integral throughout the range of positions studied and all three velocity ratios. 
E. Centerline decay and radial growth
The centerline decay of the mean streamwise velocities for the primary and secondary jets are shown in figures 10a and b, respectively, using the pitot-tube measurements (open symbols) complemented with measurements from the LDA system (closed symbols). The decay of the primary jet is taken along a line at r/D s = 0.0 (normalized by the centerline velocity at the exit of the primary jet U p,cl ) whereas the decay of the secondary jet is taken along a line at r/D s = 0.3875 (normalized by the secondary jet's exit velocity U s,cl at r/D s = 0.3875). One can see in figure 10a that the axial position in the flow where the primary jet's centerline velocity achieves 95% of the jet exit velocity (dashed line) moves downstream with increasing secondary jet velocity. What is striking however, is the abrupt change in the decay of the secondary jet around two secondary nozzle diameters that persists for all three velocity ratios. After which the velocity of the secondary jet for γ = 0.3 increases rapidly, when compared to the other two conditions (γ = 0.5 and 0.7). A similar but opposite effect is seen with the primary jet (for the γ = 0. In figure 10c , profiles of the mean streamwise velocity are shown for all positions and flow conditions that were measured with the LDA system (between x/D s = 0.25 and 11). Additional lines have been included identifying the frontier between the secondary flow and the entrainment region where U = 0.05U s,cl . Based on these mean profiles, the radial growth of the co-axial jet for the γ = 0.5 condition follows the same growth pattern of the γ = 0.7 condition up until the axial position where the primary jet collapses. After this point, the radial growth of the co-axial jet (for γ = 0.5) decelerates until it eventually crosses with the growth pattern of the γ = 0.3 jet condition (x/D s = 9.5). Furthermore, the growth of the outer mixing layer is similar for the higher velocity ratios (0.5 and 0.7) after 7 secondary jet diameters. Overall, it is clear from these profiles that the exit conditions of the jet can have clearly different effects on the downstream region of the jet flow, and most likely the far-field regions of the jet and its turbulent structure.
F. Turbulence characteristics
Radial profiles of the turbulence (rms) properties acquired with the LDA system are presented in figure 11a,b ,c for all three velocity ratios. In each sub-figure, the axial, radial and azimuthal rms values are superposed for comparison. For all three jet conditions, the axial and azimuthal turbulence energies are similar up until the first 4 secondary jet diameters, after which the axial velocity component comprises more energy than the azimuthal component. The radial rms values consistently present the smallest amount of turbulence energy. The primary jet's shear layer is also found to comprise more energy than the secondary jet shear when γ = 0.3. For the second jet condition, the primary and secondary shear layers are similar in energy, while the secondary shear layer is dominant when γ = 0.7.
Since the axial and radial shear stress (uv) is the only significantly non zero shear stress term for zero azimuthal separations, its profile characteristics can be viewed via the single-point LDA measurements. The results of this are shown in figure 11d for all three jet conditions. 
G. Self-similarity
An attempt was made to collapse the profiles using the similarity variables described by Ko & Kwan (1976) 28 based on the partitioning of the coaxial jet (as observed in figure 1 of Ko & Kwan (1976) 28 ) into three zones: (1) initial merging zone, (2) intermediate zone and (3) fully merged zone. Within the initial merging zone, the co-axial jet comprises both the potential cores from the primary and secondary jets, the primary mixing layer (that joins the two potential cores) and the secondary mixing layer (that joins the secondary jet with the entrainment air). Within this zone, the secondary mixing layer can be collapsed using the appropriate variables, as is demonstrated in figure 12a . Here it can be seen how the secondary mixing layer exhibits self-similarity for the γ = 0.5 and 0.7 conditions, the γ = 0.3 condition having a much larger deviation from the profile after x/D s = 2.5. Likewise, the primary mixing layer (for the γ = 0.5 condition) is shown in figure 12b to collapse extremely well between x/D s = 0.50 and 11.0 using r 0.1 , r 0.5 and r 0.9 ; defined as the radial locations where the local mean velocity is equal to 0.1, 0.5 and 0.9 of (U p,cl − U s,cl ), respectively. Conditions γ = 0.3 and 0.7 (not shown) were found to collapse as well as the γ = 0.5 measurements shown here, but were not included as they possessed very different slopes. For the intermediate and fully merged zones of the co-axial flow, similarity of the velocity profile is again achieved, figure 12c. For this particular case however, the mixing layer is treated as a single stream jet of equivalent diameter (D e ). Due to compressibility effects of this subsonic flow, the similarity variables are adapted (Fisher et al. 17 ) by inserting the mass flux ratio β in place of the area ratio, the latter of which was originally proposed by Ko & Kwan (1976) . 28 Following the discussion of Fisher et al. (1998) 17 this equivalent diameter for the co-axial jet can be obtained through the conservations of mass and momentum.
Similarly, an equivalent velocity can also be obtained,
although this was not found to improve the profiles, and in figure 12c , the primary jet exit velocity U p,cl is used. By accounting for the effects of compressibility, the collapse of the profiles using self-similarity variables was greatly improve over what had been originally demonstrated by Ko & Kwan (1976) 28 (the virtual origin is defined as x * = x − ∆x).
H. Near pressure field
From the line array of microphones, the near field pressure signature, which is dominated by hydrodynamic fluctuations, can be assessed. Results are shown in figure 13 for all three exit conditions. As one can see, all three jet conditions possess different energies over the first 3 or 4 secondary jet diameters, after which the γ = 0.3 and γ = 0.5 jet conditions are very similar. It is also interesting to point out that the peak energy for the γ = 0.5 and γ = 0.7 velocity ratios occurs further upstream around x/D s = 2, while the γ = 0.3 condition's peak energy is delayed until x/D s ∼ 4.5. Following the mean axial velocity profiles presented in figure 10c , it is clear that the pressure energy along the line array is influenced by the location of the outer edge of the secondary jet's shear layer (defined crudely as U = 0.05U s,cl ) with respect to the location of the line array. To this end, the microphone line array was traversed to several radial positions in the flow (starting from its origin as described in §IIB-3), the results of which are shown in figure 14 along with profiles of the velocity field for the LDA measurements. In doing so, the spatial topology of the mean fluctuating energy of both the turbulence field (source field) and its resultant hydrodynamic effect (pressure field) are observed juxtaposed for all three velocity ratios. Since we don't have an understanding as to which component of the velocity field (or its spatial position) are responsible for the principle hydrodynamic energy, the turbulent kinetic energy: T KE = 1 2 ( u 2 + v 2 + w 2 ) has been used, rather than individual velocity components. These T KE profiles have been clipped on the outer edge based on the location in the flow (for a given velocity ratio) where U = 0.05U s,cl . To gather a better understanding as to which events in the flow are more responsible than others, we will resort to the synchronous measurements of the LDA system with the line array of pressure. This will be the focus of future work.
In figure 14 , the pressure field contours for the three velocity ratios have very different trends. We can see that in the intermediate far-field (around r/D s = 6) the lowest and highest velocity ratios (γ = 0.3 and 0.7), comprise similar energy (∼ 95dB), while in the nearfield (r/D s ∼ 2.0), the γ = 0.7 velocity ratio comprises a larger amount of energy over the former (γ = 0.3 condition). It is clear from these profiles that the subtle differences in the jet structure have had profound effects on the hydrodynamic and acoustic signatures near the jet flow and the predominately acoustic signatures sensed in the intermediate far-field regions.
Surface contours of the pressure spectra are also shown in figure 15 for the three different velocity ratios (using the original position of the line array). Since the near pressure field is known to constitute a reasonable footprint of the large scale turbulence structure, these contours relay information pertaining to the temporal characteristics of the events responsible for noise production. Caution should be exercised as these contours comprise a superposition of both hydrodynamic and acoustic contributions, thus a clear distinction between the two can not be effected without further analysis. Overall, the principle energy is shown to lie between St e (f ) = 0 and 0.5, where higher frequencies occur near the nozzle exit region (the passage of relatively "small" large-scale structures) followed by low-frequency (the passage of relatively "large" large-scale structures) downstream. For the first velocity ratio (γ = 0.3) in figure 15a, two different trends are manifest in the pressure spectra, a result of the primary jet's large scale instability (the higher frequency energy trend) and the secondary jet's large scale instability (lower frequency trend). By the second jet condition (γ = 0.5), only the lower frequency instability is clearly noticeable. These results are similar to the findings of Jordan & Tinney 25 whereby the hydrodynamic pressure field outside a coaxial flow appeared to be driven principally by the secondary shear-layer instabilities; changes to the primary jet's conditions (both temperature and velocity) were found to only have an effect on the acoustic (radiating) portion of the pressure spectrum. 
IV. Far-field Acoustics
The figure 3b for the arc array of far-field microphones, there is approximately a 9dB difference in energy between the peak frequencies at 30
• for all three exit conditions. The energy spectra from the far-field azimuthal array are also shown in figure 16d for the γ = 0.5 condition and demonstrate the azimuthal acoustic symmetry of this jet flow.
In order to examine the effect of the secondary jet's exit speed (jet condition) on the far field acoustics, the pressure spectra from microphones 2 (90 • ) and 8 (30 • ) are shown in figure 17 superposed for all three exit conditions of the flow. It can be seen that the second jet condition γ = 0.5 produces less noise than the other two exit conditions γ = 0.3 and 0.7. This is perhaps counter intuitive to what one would normally expect to find and suggests that a saddle point may reside in the primary to secondary velocity ratios thus nurturing a turbulence field that inhibits certain propagative characteristics of the acoustic source mechanisms while maintaining a higher level of thrust. Close examination of the 30
• spectrum, one can see that for the γ = 0.3 condition, the peak energy occurs at a higher frequency St e ∼ 0.45 than the γ = 0.5 (∼ 0.37) and 0.7 (∼ 0.25) conditions. Further more, the increasing secondary jet flow speed is seen to have an increasing effect on the low frequency energy.
V. Future work
While we have only begun to analyze the data presented here for discussion by simple statistical means, an endeavor is underway that will apply analysis tools, those of which have been applied successfully to single-stream jets, to this current set of measurements. A major future objective of this work is to develop a low-order dynamical systems model of this flow and its source mechanisms, and to thereby better understand the aspects of the flow which are truly implicated in the production of sound.
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